ABSTRACT: The T-shaped amphiphilic molecule A6/6 forms a columnar hexagonal liquid-crystalline phase between the crystalline and the isotropic liquid when studied in bulk (Chen et al., 2005) . Because of the hydrophilic and flexible oligo(oxyethylene) side chain terminated by a 1-acylamino-1-deoxy-D-sorbitol moiety attached to a rigid terphenyl core with terminal hexyloxy alkyl chains, it was expected that also formation of lyotropic phases could be possible. We therefore studied the behavior of A6/6 in water and also in mixtures with bilayer-forming phospholipids, such as dipalmitoyl-phosphatidylcholine (DPPC), using differential scanning calorimetry (DSC), transmission electron microscopy (TEM), cryo-transmission electron microscopy (cryo-TEM), dynamic light scattering (DLS), and solid-state nuclear magnetic resonance (ssNMR). DSC showed for the pure A6/6 suspended in water a phase transition at ca. 23°C. TEM and cryo-TEM showed vesicular as well as layered structures for pure A6/6 in water below and above this phase transition. By atomic force microscopy (AFM), the thickness of the layer was found to be 5−6 nm. This leads to a model for a bilayer formed by A6/6 with the laterally attached polar side chains shielding the hydrophobic layer built up by the terphenyl core with the terminal alkyl chains of the molecules. For DPPC:A6/6 mixtures (10:1), the DSC curves indicated a stabilization of the lamellar gel phase of DPPC. Negative staining TEM and cryo-TEM images showed planar bilayers with hexagonal morphology and diameters between 50 and 200 nm. The hydrodynamic radius of these aggregates in water, investigated by dynamic light scattering (DLS) as a function of time and temperature, did not change indicating a very stable aggregate structure. The findings lead to the proposition of a new bicellar structure formed by A6/6 with DPPC. In this model, the bilayer edges are covered by the T-shaped amphiphilic molecules preventing very effectively the aggregation to larger structures.
■ INTRODUCTION
The complex composition of biological membranes necessitates the use of model membrane systems to investigate bilayer properties. 2−4 Liposomes or lipid vesicles are usually used as model systems because they can be easily prepared. However, bicelles are also a promising model system particularly in the field of NMR on lipid−protein interactions. Bicelles typically consist of a phospholipid with long fatty acid chains like 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC) forming the plane bilayer fragment and a shorter lipid like 1,2-dihexanoyl-sn-glycero-3-phosphatidylcholine (DHPC) aligning at the edges and stabilizing these disk-shaped aggregates. The shorter lipid can also be replaced by bile salts or peptides as reported previously. 5, 6 Bicelles combine properties of lipid bilayers and micelles and offer a possibility to investigate membrane-binding molecules like, for example, integral membrane proteins in contact with planar lipid bilayers. 5−10 Furthermore, the penetration of bicelles into skin has been studied, and it was shown that the fusion of bicelles with skin lipids can change their lamellar order depending on the chain length of the phospholipid. 11 Bicelles are also easily alignable in a magnetic field and can be analyzed using solid-state and solution nuclear magnetic resonance (NMR). 5 Despite the fact that well-established bicellar systems exist, it is important to find other bicelle-forming systems containing compounds having no detergent-like action because the presence of detergents at the rim of the bicelles might influence the behavior of peptides or proteins incorporated or bound to the bicelles. 12, 13 The compound A6/6 (see Scheme 1 a) is a polyhydroxy alkyl amide which is built up of a rodlike hydrophobic terphenyl core with two predominantly hydrophobic and flexible terminal hexyloxy alkyl chains. 1 The notation Am/n describes the general design of this kind of facial amphiphilic molecule where the lateral side chain is connected to the central phenyl ring of the core. m = 6 is the number of hydrocarbon units of the flexible terminal side chains and n = 6 is the number of oxyethylene units within the lateral side chain. The bulky hydrophilic lateral oligo(oxyethylene) chain is terminated by a carbohydrate derivative (see Scheme 1 a). A6/6 exhibits amphotropic behavior. With changing temperature, the formation of a thermotropic mesophase can be detected for the bulk sample. Below −6°C, A6/6 exists in a glassy state. Above this temperature, a liquid crystalline columnar hexagonal Col h (p6mm) phase appears and is stable up to a temperature of 102°C, where an isotropic melt is formed. 1 These facial amphiphiles were studied in recent years in detail for their mesophase behavior, 1,14−16 and also the behavior of monomolecular films at the air/water interface was extensively investigated. 17−19 We selected A6/6 as a compound to study its interaction with phospholipid bilayers made from 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) to elucidate the possibility that in mixtures of A6/6 with DPPC bicelles are formed.
DPPC is a well-studied phospholipid because of its importance and frequency of occurrence in biological membranes. 20 It is also one of the constituents of the monolayer covering and protecting pulmonary alveoli from collapse during respiration. 21−23 The lipid is built up by a glycerol backbone structure to which saturated fatty acids are connected at the sn-1 and sn-2 positions. The hydrophilic part of the molecule is a phosphocholine group connected to the sn-3 position of the glycerol (see Scheme 1 b). The lyotropic and thermotropic behavior of DPPC is well characterized as it serves as a model system for biological membranes.
Summarizing briefly its lyotropic behavior, DPPC in excess water forms several different lamellar phases. At temperatures below 41°C, it forms the so-called gel phases with ordered lipid chains with the phase sequence L c => L β′ => P β′ , and above this main transition temperature, the molecules have disordered chains when they are in the liquid-crystalline L α -phase.
In this work, we describe the results of studies of the lyotropic behavior of A6/6 and its interaction with the bilayerforming phospholipid DPPC. The first aim of our study was to investigate how A6/6 self-assembles by itself when suspended in water. Because of the large hydrophilic lateral side chain of A6/6, we expected to find also lyotropic phase behavior for this amphiphile. The second question was how it changes the lipid aggregate structure when mixed with a phospholipid. Because of the completely different shape of A6/6 compared to the bilayer-forming DPPC, it was unclear whether A6/6 would be incorporated into the bilayer or not. We therefore wanted to test whether these amphiphiles with lateral side chains would perforate the lipid bilayer by aggregating inside the bilayer to form holes or whether they would change the aggregation behavior in a completely different way, namely, in the form of bicelles or other possible structures.
We will show here that A6/6 by itself forms unexpected lyotropic aggregate structures. When mixed with DPPC, we could show that vesicular structures are not stable but that planar aggregates are formed instead, which adopt the form of bicellar-like structures being very stable as a function of time and temperature. This new bicellar system might offer new possibilities for studying interactions of molecules with membranes using, for instance, NMR techniques.
■ EXPERIMENTAL SECTION Materials. 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was purchased from Genzyme Pharmaceuticals (Liestal, Switzerland) with purity >99% and was used without further purification. A6/6 (N-[(2S,3R,4R,5R)-2,3,4,5,6-pentahydroxyhexyl]-20-(4,4″-dihexyloxy-p-terphenyl-2′-yl-oxy)-3,6,9,12,15,18-hexaoxaeicosanoylamide) was synthesized as described previously. 1 A6/6 was dried in a vacuum-drying cabinet at about 60°C for at least 3 h before use.
Experiments were performed with ultrapure water of Millipore quality (conductivity < 0.055 μS/cm; total organic carbon (TOC) < 5 ppm).
Differential Scanning Calorimetry (DSC). The temperature-dependent behavior of pure A6/6 and DPPC:A6/6 mixtures was investigated using a VP-DSC microcalorimeter (MicroCal, Inc. Northhampton, United States). Aliquots from stock solutions of A6/6 and DPPC in chloroform were mixed in the appropriate amounts in a vial. The organic solvent was evaporated at higher temperature, and the lipid film was dried under vacuum. The aqueous suspensions with a concentration of 2 mM were prepared by adding the desired amount of ultrapure water, by vortexing at high temperature, and then by sonicating the sample in a bath type sonicator for 1 h at 60−70°C
. The degassed suspension was filled into the sample cell of the calorimeter, and the reference cell was filled with pure water. The experiments were performed with a heating and cooling rate of 60 K/h in a temperature interval between 5 and 60°C because no transitions could be detected above this temperature. Several scans were performed to test for reproducibility. The water baseline was subtracted from the sample thermogram, and the resulting difference curve was analyzed using the ORIGIN software supplied by MicroCal. The scans shown in the figures represent the fourth heating curve of each sample.
Transmission Electron Microscopy (TEM) and CryoTransmission Electron Microscopy (cryo-TEM). For TEM using negative staining, 5 μL of the aqueous suspensions (0.05 mg/mL or 0.1 mg/mL) of A6/6 and the DPPC:A6/6 = 10:1 mixture, respectively, were spread onto Cu grids with a diameter of 3 mm coated with a Formvar film, were blotted, were stained with 5 μL of 1% uranyl acetate solution, and subsequently blotted and dried. The grids were prepared and dried at a temperature 3−5°C in a cold room or at room temperature, respectively, and then were viewed using a Zeiss EM 900 transmission electron microscope.
Cryo-TEM grids were prepared similarly as for TEM. Specimens were prepared by a blotting procedure performed in a chamber with controlled temperature and humidity. A drop of the sample solution (0.1 mg/mL) was placed onto an EM grid coated with a perforated polymer film. Excess solution was then removed with a filter paper leaving a thin film of the solution spanning the holes of the polymer film on the EM grid. Vitrification of the thin film was achieved by rapid plunging of the grid into liquid ethane held just above its freezing point. The vitrified specimen was kept below 108 K during both transfers to the microscope and the investigation. Measurements were performed immediately after preparation of the grids with a Zeiss 902 A microscope operating at 80 kV.
Dynamic Light Scattering (DLS). Dynamic light scattering measurements were performed with an ALV-NIBBS/HPPS High Performance Particle Sizer (ALV Laser Vertriebsgesellschaft mbH, Langen, Germany). The aqueous suspensions of A6/6 and mixtures of lipid and A6/6 were poured into 1 mL Plexiglas cells and were heated to 50°C. The hydrodynamic radii were calculated using the CONTIN software provided by ALV.
Solid-State Nuclear Magnetic Resonance (ssNMR).
13
C detected solid-state NMR was used to examine the dynamics of the lipid molecules in the presence of A6/6. To investigate these dynamics, we used a two-dimensional DIPSHIFT-like experiment, which is described elsewhere. 24 Because of the fast molecular motion of the lipid molecules, 25 the 13 C− 1 H heteronuclear dipolar coupling, which is the crucial parameter for this experiment, is either averaged out completely (isotropic mobility) or averaged to a rather large extent (anisotropic mobility). Therefore, it is complicated to estimate this weak residual coupling by the frequently employed DIPSHIFT sequence. 26 The sequence applied here is a further development of the original DIPSHIFT experiment. The idea is to recouple the heteronuclear dipolar interaction by means of additional pipulses as known from the REDOR sequence. 27 The recoupling yields an amplification of the dipolar interaction, which leads to a stronger apparent residual dipolar coupling as described in Hong et al. 28 Thus, by measuring this residual dipolar coupling (D res ) and by comparing it to the static-limit value (D stat ), a dynamic order parameter can be obtained as described by
Hence, this dynamic order parameter characterizes the local degree of anisotropy of the molecular motion, where S = 0 means the motion is completely isotropic and S = 1 results from a rigid sample.
The NMR experiments were performed on a Bruker Avance III 400 spectrometer with resonance frequencies of 400 and 100.5 MHz for 1 H and 13 C, respectively. All experiments were carried out on a 4 mm double resonance probe at a spinning frequency of 5 kHz. For temperature-dependent measurements, the sample temperature was calibrated 29, 30 and is accurate within ±1 K. The used 90°pulse lengths were 3.2 and 3 μs for protons and 13 C, respectively. To avoid decoupling-induced sample heating, 31 a recycle delay of 5 s was used. Samples for NMR measurements were prepared by adding 50 wt % of deuterated water to the powder samples in the NMR rotor to retain the phase transitions measured by DSC.
■ RESULTS AND DISCUSSION
Differential Scanning Calorimetry (DSC). Calorimetric investigations of the pure substances and various DPPC:A6/6 mixtures in aqueous suspensions were performed to test for the lyotropic behavior of pure A6/6 and the mixtures. Pure A6/6 can be suspended in water giving an almost clear solution. When the aqueous suspension is heated during the DSC scan, peaks at 15.3°C and a higher one at 21.5°C can be detected indicating transitions between lyotropic phases of different order (see Figure 1 ). The structure of the lyotropic phases and the nature of the phase transitions of A6/6 in water are not clear at present. For the pure DPPC, the well-known main phase transition from the gel to the liquid-crystalline phase is observed at 41.8°C (see Figure 1) . 2,3,32−34 The thermograms observed for the mixtures of DPPC:A6/6 with a high lipid ratio (100:1 and 50:1) show that A6/6 can be incorporated into the bilayer and leads to a broadening of the phase transition and to a slight shift to lower temperature. The peaks for mixtures with higher content of A6/6, that is, for the 20:1 and 10:1 ratios, are in contrast shifted to slightly higher temperatures and are separated into two maxima with temperatures at 40.5 and 43.5°C. This can be interpreted on the one hand as a stabilization of the gel phase. On the other hand, a phase separation of almost pure DPPC seems to occur which can be deduced from the appearance of a transition peak at 41°C. The high-temperature peak remains in all mixtures at the same position up to a mixing ratio of 1:1. The mixture with mixing ratios 4:1, 2:1, and 1:1 exhibit additionally a small peak at about 20−23°C, which possibly indicates a phase separation of pure A6/6. Furthermore, an additional small sharp peak is seen at ca. 34°C. The thermogram thus indicates the presence of various phases of different composition and a complicated thermotropic phase behavior.
Transmission Electron Microscopy (TEM) and CryoTransmission Electron Microscopy (cryo-TEM) of A6/6 Aggregates in Water. To elucidate the nature of the lyotropic phases and the morphology of the aggregates formed when A6/6 is dispersed in water, we took TEM images of pure A6/6 suspensions using negative staining electron microscopy. A6/6 suspended in water without and with previous sonication was imaged after staining and drying. Nonsonicated solutions prepared at 5°C below the transition as detected by DSC showed lamellar structures of different widths which are several micrometers in length and which look like folded sheets because of the blotting and drying procedure (see Figure 2 a, b). The edges of the sheets are perfectly smooth and straight indicating a well-ordered structure of the molecules in the lamellae. The surface of the lamellae seems to be very smooth as hardly any defects are seen, and the thickness of the sheets seems to be the same for all aggregates. As described above, A6/6 shows a major thermotropic transition in water at ca. 23°C
. We therefore also imaged samples prepared above this transition temperature. In Figure 2 c and d, collapsed vesicular structures can be seen with sizes up to several micrometers in diameter. The crinkling of the structures is a consequence of the drying process during sample preparation but indicates that the lamellar structure becomes more flexible above the transition at 23°C.
Sonication of the aqueous A6/6 suspension breaks up the larger aggregates and leads to the formation of other types of aggregate structures (see Figure 3) . The morphology found for samples prepared at 5°C is shown in Figure 3 a and b. In Figure 3a , circular structures with diameters somewhat larger than 500 nm can be seen looking like ruptured and flattened vesicles. The smaller structures with dimensions of about 100− 300 nm seem to be folded lamellae. Additionally, we found fibers with lengths up to a few micrometers (see Figure 3 b ).
When the sample preparation of the sonicated suspension was performed at room temperature above the transition of A6/6 detected by DSC, images as shown in Figure 3 c and d with quite similar structures were seen. Again, we found circular structures looking like folded lamellae, and additionally we found long fibers. The lamellar and fiber structures seem to be more flexible than at lower temperature.
Because transmission electron microscopy with negative staining is not free from artifacts and because the drying procedure leads to an orientation of objects parallel to the Formvar surface on the grid preventing the analysis of the 3-D structure, cryo-TEM was used in addition. This is an imaging technique which gives also hints on the three-dimensional morphology of the aqueous sample after vitrification. Figure 4 shows two representative images of the morphology of a sonicated A6/6 sample prepared at 25°C. For pure A6/6 at room temperature, we observe mostly unilamellar vesicles. This structure can be deduced from the higher electron density at the edges of the aggregates. The diameter of the vesicles ranges from 100 to 500 nm. These findings confirm the previous assumption that the crinkled structures found with TEM with negative staining are indeed folded vesicles. Also in Figure 4 , small unilamellar vesicles with diameters around 50 nm can be seen with 200 nm long fibers attached to them. The fiber structures here are shorter than those observed in the TEM images with negative staining (see Figure 3) . Overall, however, the cryo-TEM images support the previous finding with negative staining TEM that A6/6 forms mainly closed structures with a continuous layer of molecules.
In the unilamellar sheets and vesicles, the hydrophobic parts of the molecules are in the middle of the layer and are shielded from water by the hydrophilic groups on both sides of the hydrophobic inner layer formed by the terphenyl moieties and the hexyl chains. Similarly, the fiber cores are made up from the long hydrophobic backbones of the molecules, and the outside is covered by the hydrated hydrophilic groups shielding the inner core from contact with bulk water. Below the phase transition, when the sheets and fibers become more rigid, the terphenyls should adopt an organization preferably parallel to each other. However, whether the terphenyls really adopt a preferred organization parallel to the layers/fibers (see Scheme 2) as typically observed for T-shaped amphiphiles with large lateral groups (Lam phases 15 /axial bundle phases 35 ) or perpendicular to them (as in the channeled layer phases and smectic phases 1, 16 observed for T-shaped amphiphiles with relatively short chains) cannot be concluded with certainty. However, because the thickness of the sheets determined by atomic force microscopy (AFM) (see Figure S1 in the Supporting Information) is only about 5 to 6 nm, an organization of the long terphenyls on average parallel to the layers, as shown in Scheme 2, appears more likely. This mode of organization also provides a better segregation of lipophilic cores and polar lateral chains and is in line with previous observations that large lateral chains favor this kind of organization in bulk liquid-crystalline (LC) phases. 15 In this structure, the rigid terphenyls contribute to the stabilization of the layers/fibers by their parallel alignment. This seems even to be the case when the orientational order becomes only shortrange in the more fluid structures above the phase transition. 36 Transmission Electron Microscopy (TEM) and CryoTransmission Electron Microscopy (cryo-TEM) of DPPC:A6/6 Aggregates. We investigated the aggregation behavior of mixtures of A6/6 with DPPC. The TEM images in Figure 5 were obtained with negative staining and show the aggregates of a mixture of DPPC:A6/6 = 10:1 in water prepared at 5°C. Planar hexagonal structures with dimensions of 50−200 nm are seen. All aggregates have a similar shape and show similar contrast. We can conclude again that the molecules are arranged in a sheetlike structure. The hexagonal shape of the sheetlike aggregates is probably because DPPC at low temperature is in the lamellar gel phase with tilted acyl chains packed in a hexagonal lattice. The aggregates are therefore most probably rigid bicellar-like structures with the A6/6 molecules located at the edges shielding the hydrophobic surfaces.
To preclude that the images obtained from TEM using negative staining were due to artifacts from the preparation procedure of the samples, the mixture DPPC:A6/6 = 10:1 was also investigated using cryo-TEM. Here, the samples are rapidly quenched to very low temperature and are viewed in transmission without additional contrast agent. The cryo-TEM images shown in Figure 6 support the assumption that indeed bicellar-like structures are formed. The images show planar aggregates either from a top or from a side view. In the side view, the planar aggregates appear as rodlike structures with a higher electron density as compared to the case when viewed from the top. The structures seen in the top view agree with those found with negative staining TEM (see Figure 5 ). The aggregates have again a diameter of 50−200 nm. For a few of them, even the hexagonal shape due to the hexagonal packing of the fatty acid chains of the phospholipids can be seen. 3, 11, 37, 38 The electron microscopic images therefore clearly show that the mixture of DPPC:A6/6 = 10:1 suspended in water leads to the formation of ordered bicellar-like structures with hexagonal shape. A sketch of the possible molecular arrangement of the molecules in these bicellar-like aggregates is shown in Scheme 3. The nearly T-shaped molecules cover the edges of bilayer hexagons formed by the phospholipid and, in this way, shield the hydrophobic alkyl chains of the lipids from water. Whether the long axes of the A6/6 molecules are lying parallel or perpendicular to the bilayer normal is not yet certain, but it is more likely that the A6/6 molecules adopt an orientation on average parallel to the main direction of the alkyl chains, that is, perpendicular to the bicellar surface. This would allow the coupling of the main directors of the chains and the rodlike cores as well as a parallel alignment between the rodlike cores allowing the formation of an uninterrupted rim embedding the edges of the bicelles. The maximum length of the hydrophobic unit of A6/6 between the ends of the alkyl chains is 3.1 nm. In the proposed orientation, this would span the major part of the hydrophobic region of the DPPC membrane between the two hydrophilic bicelle surfaces. Staggering of the T-shaped molecules along their long axes as well as in the perpendicular direction (the surface layer becomes slightly thicker than exactly one molecule) provides a complete coverage of the lipophilic bicelle edges by the (hydrated) hydrophilic lateral chains of the densely packed T-shaped amphiphiles.
The size of the bicellar aggregates seen in the TEM images ranges from 50 to 200 nm. We also performed DLS measurements to obtain a better impression of the size distribution. From DLS, we know that the hydrodynamic radii of the mixed systems in water are quite small compared to the aggregates found for the pure substances. For the investigated mixing ratios, the hydrodynamic radii scatter between 18 and 34 nm with an average of ca. 30 nm. Additionally, the aggregates were fairly monodisperse with an average width of the distribution of only 6%. Also, the hydrodynamic radius was more or less the same at a temperature of 50°C, that is, above the temperature of the highest transition seen by DSC.
The hydrodynamic radius calculated from DLS is based on the assumption of a spherical particle. As we have bicellar-like aggregates, the friction coefficient changes. For an oblate ellipsoid with an axial ratio of 20 (bicelle with r = 50 nm and thickness of 5 nm), the hydrodynamic radius can be calculated from the Perrin equation to ca. 38 nm. For an average apparent hydrodynamic radius of 30 nm observed in our DLS measurements, we can estimate an approximate radius of the bicelle of 40 nm, that is, an average diameter of 80 nm. This is in quite good agreement with the observations by electron microscopy.
The available molecular area per A6/6 molecule surrounding a disk with a radius of r = 50 nm can be easily calculated. A disk of this size would contain ca. 2.6 × 10 4 molecules of DPPC assuming an area of 0.6 nm 2 per DPPC molecule. For a ratio DPPC:A6/6 = 10:1 (as in our samples), the number of A6/6 molecules at the rim would be 2.6 × 10 3 . The available area at the rim calculated from the circumference and the thickness of the bilayer (5 nm) would amount to ∼1.6 × 10 3 nm 2 . This would lead to an available molecular area of ∼0.6 nm 2 for an A6/6 molecule. In monolayer experiments (unpublished results), where A6/6 was spread at the air/water surface and was compressed, we determined an area of ∼0.8 nm 2 per A6/6 before film collapse. The calculation for the bicellar system thus shows that enough molecules of A6/6 are available to cover the edges of the bicellar aggregate with a complete monolayer.
The size deviations between electron microscopy images and DLS are normal because of the different observation techniques. DLS measures the ensemble average over a large number of aggregates, whereas only few aggregates are always visible in the EM images making it difficult to obtain a reliable size distribution. A further interesting finding is that the aggregates are stable over time and after many heating and cooling cycles. We compared freshly measured DSC samples with DSC suspensions stored after the calorimetric measurements at 4°C for a few months. The particle size had stayed almost the same. Additionally, their size did not change considerably by exposing the samples to several temperature cycles from room temperature to 90°C within the DSC instrument. The hydrodynamic radii from freshly prepared suspensions and from samples after the DSC runs were essentially the same with differences of about 2 to 3 nm.
ssNMR. Solid-state NMR is the method of choice to study the behavior of bicellar-like aggregates concerning their dynamic and structural behavior. This has been recently shown for DMPC/DHPC bicelles. 39, 40 To qualitatively probe the influence of A6/6 on the lipid molecules in DPPC, both the pure substances and a 15:1 mixture of DPPC:A6/6 were examined by means of 13 C{ 1 H} solid-state NMR using a DIPSHIFT experiment under magic angle spinning (MAS) conditions. For this purpose, different experiments were performed for pure DPPC, pure A6/6, and a mixture of both samples with a molar ratio of 15:1 in D 2 O at a concentration of 50 wt %. The samples consisted of multilamellar aggregates with random orientation.
In Figure 7 , the 13 C spectra for the three samples at a temperature of T = 47°C are shown. We chose this temperature to make sure that the lipid was already in the L α phase, which is indicated by the narrow peaks in the 13 C spectra of the samples. By comparing the spectra of the pure substances and of the mixture, we found an additional peak appearing in the spectrum of the mixture, which we assigned to the oxyethylene chain in the A6/6 molecule (10 CH 2 groups in total). The rest of the resonances from the A6/6 molecule is not observed in the spectrum of the mixture as it contains only a small amount of A6/6 (∼3.5 mg). Thus, the resonances are covered by large peaks of the lipid molecule. From the comparison of the spectra, we can say that there are no significant conformational changes in the lipid molecules because such rearrangements would result in a considerable change of the chemical shift. 41 The small change in the chemical shift of the oxyethylene chain of A6/6 is probably due to a slightly different conformation adopted in the pure substance (vesicles) and the mixture (bicelles).
A subset from the dynamics measurements is shown in Figure 8 . Here, the DIPSHIFT modulation curves for the glycerol-2 carbon in DPPC and for the oxyethylene carbons in A6/6 (cf. inset in Figure 7 , arrows indicate the selected resonances) are shown for both in the pure substances and in the mixture. These experiments also were done at a temperature of 47°C, that is, in the L α phase. As the depth of the curve is a measure for the residual dipolar coupling and therefore a measure for the mobility, we found that the glycerol-2 carbon exhibits the same dynamics in both the pure lipid and the lipid mixed with the A6/6 because they show the same behavior and the same residual dipolar coupling. This can be seen from the simulation of the measured data from which a residual dipolar coupling of D res /2π = 4 kHz was obtained. Hence, we estimate the local order parameter to S = 0.18 in the pure lipid and the mixture on the basis of the static limit coupling of a CH group of 22 kHz.
We found these results for all carbons in the DPPC molecule, that is, the curves for the carbons in the mixture show the same trend as the respective carbons in the pure lipid. From this finding, we conclude that the dynamics of the lipid molecules is not influenced by the presence of the A6/6 molecules. Therefore, we deduce that A6/6 is not inserted and distributed homogeneously in the lipid membrane. The same results were obtained in a 75:1 mixture of DPPC:A6/6.
Because the carbons from the oxyethylene chain of the A6/6 molecule constitute a measurable signal in the spectrum of the mixture, their dynamic behavior could also be studied. These measurements are also presented in Figure 8 . The curves of this chain in A6/6 are rather flat and thus indicate a nearly isotropic motion as the heteronuclear dipolar coupling is averaged to a near-zero value. For the mixture, we found a similar behavior. The heteronuclear dipolar coupling is also averaged out, but the points are more scattered as compared to the points measured in the pure substance. The reason is the low signal-to-noise ratio as compared to the signal-to-noise ratio in the pure A6/6 sample. Hence, we conclude that the nearly isotropic motion of the oxyethylene chain in the (self-assembled) A6/6 is not altered by adding A6/6 to the lipid. The isotropic dynamics of this chain still persist in the mixture. This observation again supports the conclusion that A6/6 is not inserted into the membrane (where the EO chains could potentially become immobilized by interaction with the headgroup region) but is rather located at the edges of the aggregates. This model is supported by solid-state NMR measurements, where we found that the A6/6 molecules do not modify the anisotropic motion of the lipid and therefore are not inserted into the membrane but are rather, possibly transiently, attached to the edges of the formed aggregates.
Our results, in particular the observation of identical lipid order parameters, demonstrate that the effects visible in the DSC curves (Figure 1 ) are only due to surface or edge effects. Thus, the NMR measurements confirm the model presented in Scheme 3, where A6/6 only stabilizes the edges of the formed bicelles when it is added to DPPC.
■ CONCLUSIONS
The aim of this work was to present the results of the investigation of the interactions of the facial amphiphile A6/6 with the lipid DPPC. A6/6 is surface active and can be easily suspended in water. The imaging techniques negative staining TEM and cryo-TEM gave information on the aggregation behavior of pure A6/6 and mixtures of A6/6 with the lipid DPPC in aqueous suspensions, respectively. For A6/6, we found by negative staining TEM lamellar folded sheets of very large dimensions and smooth edges indicating a well-ordered arrangement of the molecules within the sheets. At temperatures above the thermotropic transition observed by DSC, vesicles with diameters up to 500 nm and long stretched layered structures with a height of about 6 nm could be detected. The lamellae seemed to become more flexible at higher temperature as the vesicular structures could be flattened and folded. Sonication reduced the size of the structures but had no major influence on the aggregation behavior except that in some cases fiber structures could also be observed.
For mixtures of DPPC with A6/6 at a ratio of 10:1, DSC indicated the formation of a stable complex of lipid with A6/6 as the transition temperature was increased. In the TEM images, we could observe flat hexagonal structures of constant thickness and diameters between 50 and 200 nm. The hexagonal appearance is probably induced by the regular packing of the alkyl chains of the lipids in the gel phase. Cryo-TEM images showed that the hexagonal structures are indeed flat objects. We concluded that these mixed aggregate structures are bicellar-like objects. We propose that the lipid bilayer patches are covered at the edges by the nearly T-shaped molecules leading to a microsegregation of lipid and A6/6. From DLS measurements, we could deduce that the particle size of the A6/6-DPPC aggregates changes only slightly with increasing A6/6 content. All the aggregates are surprisingly stable in their size over a wide temperature range and are also stable against aggregation after a long time storage at 4°C for months. At present, we have not exploited the possibilities of these new bicellar-like systems for the incorporation of proteins and for investigations of membrane proteins by NMR with magnetically aligned samples and under static conditions. The advantages of this system could be lying in the low solubility of A6/6 in water, which prevents fast exchange of the molecule between the aggregate and water, and the therefore long-term stability of the bicellar aggregates. The disadvantages may lie in the more complicated preparation procedure of the samples including sonication. Further investigations in this direction are needed.
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